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INTRODUCTION
The quantification of habitat associations for dif-
ferent taxa is a common goal in ecology, and can be
useful to inform land management decisions (Gui -
san and Zimmermann, 2000). A vital first step in the
development of robust habitat models is the collec-
tion of appropriate field data (Austin, 2002).
Invariably, ecologists face a trade-off between col-
lecting highly precise data from relatively few loca-
tions, or collecting less precise data from a larger
number of locations. This trade-off may be resolved
in part by an understanding of different sources of
variability in field data, and how substantial within-
site variability is relative to between-site variability.
If temporal and spatial within-site variability are
negligible, between-site differences can be quanti-
fied accurately with relatively little survey effort per
site. In contrast, if temporal or spatial within-site
var iability is large, significant differences between
sites may be masked by excessively imprecise site-
level data, even if the total number of sites is large. 
Several bat ecologists have attempted to quantify
how changes in survey methodology can lead to in-
creasingly precise estimates of bat activity (Hayes,
1997; Moreno and Halffter, 2000; Duchamp et al.,
2006). Although we appreciate the value of using
multiple survey techniques in combination (O’Far -
r ell and Gannon, 1999; Duffy et al., 2000; Milne et
al., 2005), in this paper we are concerned with stud-
ies that rely solely on the use of ultrasound bat de-
tectors. In contrast to trapping studies, acoust ic
monitoring is often the only logistically feasible way
of obtaining bat data over a large study area. For
acoustic monitoring, key sources of variability in
measured bat activity include: (i) Differences in
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Common aims of habitat studies are to differentiate between (i) suitable and unsuitable sites for a given species, and (ii) sites used
by different communities of species. To quantify differences between sites, field data of site use must be precise enough that true
underlying between-site variability is not masked by within-site measurement error. We designed a pilot study to guide the
development of a survey protocol for a habitat study on bats in an agricultural landscape in southeastern Australia. Three woodland
sites and two scattered tree sites of 2 ha each were surveyed for nine consecutive nights. At three locations within each site (spaced
> 50 m apart) one or two Anabat detectors were mounted 1 m above ground or in a tree (2 m above ground). We used mixed
regression models to quantify multiple sources of variability in bat calling activity, and graphical data analysis to visualise how
increases in survey effort were likely to affect inference. For the five most active species, we found that typically over 40% of
variability in nightly detections occurred at the between-site level; approximately 10% occurred between locations within sites;
approximately 20% was explained by night-to-night differences; and approximately 30% of variability was not attributable to
systematic variation within experimental units. Differences in community composition between sites were clearly evident when two
or more detectors per site were used for four or more nights. We conclude with six general considerations for the design of effective
habitat studies. These are to (i) consider key contrasts of interest; (ii) use data from mild, calm, dry nights only; (iii) calibrate
detectors; (iv) use multiple detectors where possible, or move a single detector within a site; (v) survey for multiple nights; and (vi)
where vertical differentiation in habitat use is likely, mount detectors at different heights. These considerations need to be balanced
within the context of financial and logistical constraints.
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detectability of bat species. Dif ferent species’ calls
vary in intensity (Fenton and Bell, 1981), and differ-
ent detection systems vary in their ability to detect
different ultrasonic frequencies (Waters and Walsh,
2002). In addition, some species tend to fly higher
than others, which may affect their probability of de-
tection (Griffin, 1971; O’Neill and Taylor, 1986;
Hayes and Gruver, 2000). Between-species differ-
ences in activity levels therefore cannot be readily
deduced from acoustic monitoring (Hayes, 2000);
(ii) Night-to-night variability in bat activity. To 
reduce variability from this source, it is often desir-
able to survey bats for multiple nights (Hayes, 1997;
Moreno and Halffter, 2000; Broders, 2003; Milne et
al., 2005). However, increasing the number of
nights may increase the likelihood of surveying in
nights with sub-optimal conditions, suggesting that
more nights will not always lead to more precise 
estimates of bat activity;
(iii) Differences between multiple bat detectors in
their ability to detect calls. To reduce variability
from this source, Larson and Hayes (2000) outlined
a protocol to calibrate (Anabat) detectors. Despite
careful calibration, differently placed detectors may
record different levels of activity, and are likely to
miss some of the activity actually present at a site
(Law et al., 1998; Weller and Zabel, 2002; Milne et
al., 2004; Duchamp et al., 2006);
(iv) Horizontal heterogeneity in bat activity within 
a site. Especially if sites are large or variable in veg-
etation structure, some bat species may preferential-
ly use certain parts of a site over others (Hayes,
2000). To reduce variability from this source, detec-
tors may be moved every night within the site (Lum -
sden and Bennett, 2005), or multiple detectors may
be used simultaneously (Law, 2004; Duchamp et al.,
2006). Variation in vegetation structure can also 
influence call detectability (Patriquin et al., 2003),
but careful placement of detectors in vegetation 
gaps can minimize these effects (Patriquin et al.,
2003);
(v) Vertical heterogeneity in bat activity at a site
(Hayes and Gruver, 2000; Menzel et al., 2005). For
example, fast-flying species may fly higher to avoid
structural clutter (O’Neill and Taylor, 1986), where-
as slow-flying species may preferentially hover or
glean around dense vegetation (O’Neill and Taylor,
1986; Arita and Fenton, 1997).
Here, we report the results of a specifically de-
signed study that investigated three sources of vari-
ability in bat activity data: (i) variability between
sites; (ii) horizontal heterogeneity within a given
site, and (iii) night-to-night variability. In addition,
we compared two different heights of detectors and
two different types of vegetation structure. 
The study was conducted to inform the develop-
ment of an appropriate survey protocol for a subse-
quent regional-scale investigation on the activity
patterns of bats in an agricultural region of south-
eastern Australia. Agricultural landscapes in south-
eastern Australia are increasingly attracting the in-
terest of bat ecologists (Lumsden et al., 1995, 2002;
Law et al., 1999; Lumsden and Bennett, 2005; Law
and Chidel, 2006), but to date, there is a limited
quantitative basis upon which to base the design of
appropriate survey protocols in these landscapes.
The approach we used to investigate multiple
sources of variability, as well as some of our gener-
al conclusions, are likely to also be applicable to
other parts of the world.
MATERIALS AND METHODS
Study Area
Fieldwork was conducted in the Upper Lachlan catchment
of New South Wales, Australia. The region is undulating, re-
ceives approximately 600–800 mm of rainfall in a typical, non-
drought year, and has a long-term mean daily maximum temper-
ature of approximately 20ºC (Lachlan CMA, 2006 and re-
ferences therein). Prior to the 1800s, the vegetation was domi-
nated by temperate woodland in the valleys (e.g., Eucaly-
ptus blake lyi, E. melliodora) and dry forest on the hilltops (e.g.,
E. mac ro rhynca) — mature trees typically reach approximately
20 m in height. Following clearing for agriculture and livestock
grazing, remnant tree cover on agricultural land now is approx-
imately 10–15% (Gibbons and Boak, 2002). Relatively large
patches of native vegetation remain on hilltops, whereas the val-
ley communities have been severely modified. For example,
more than half the remnant cover of the valley-associated 
yellow box (E. melliodora) occurs in patches smaller than 1 ha
(Gibbons and Boak, 2002). Scattered ‘paddock’ trees are a par-
ticularly interesting feature of the region. These trees are often
old and typically are not regenerating due to grazing pressure
(Spooner et al., 2002; Dorrough and Moxham, 2005). However,
they fulfill a range of important ecological functions (Manning
et al., 2006), including the provision of foraging habitat for bats
(Law et al., 2000; Lumsden and Bennett, 2005).
Data Collection
One rectangular two-hectare site was set up on each of 
five different farms (typically but not always measuring 100 m
by 200 m). Three sites were in woodland patches (site codes: 
cp, mp, tu) and two were in areas of mature scattered trees 
(site codes: dp, ml). The five sites were surveyed sequentially
for bats throughout January and February 2008. Five ‘Anabat’
bat detectors (plus ZCAIM storage units) were used at each 
site (www.titley.com.au). Two ‘ground detectors’ had their
micro phones directed upwards at a 45º angle, 1 m above the
ground. Three ‘tree detectors’ were mounted on platforms at-
tached to the trunks of trees 2 m above the ground, and were
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also directed upwards at a 45º angle (Fig. 1). All detectors were
housed in weather-proof boxes. Three locations were surveyed
within each site, spread out across the site. Adjacent locations
were > 50 m apart. We did not separate detectors by a specific
pre-defined distance, because we focused instead on placing 
detectors so they would face open areas likely to be used by
bats. The first and middle location each had both a ground and
a tree detector, facing one another at a distance of approximate-
ly 20 m, with an open area in between. The third location had 
a tree detector only, and was also oriented towards an open area
(Fig. 1). Detectors were calibrated following the procedures
outlined by Larson and Hayes (2000). Data were recorded from
sunset to sunrise for nine consecutive nights at each site (note
that sites were surveyed consecutively, resulting in a total of 
45 nights of surveys).
Weather records from nearby weather stations were ob-
tained to differentiate between ‘suitable’ and ‘unsuitable’ nights
for analysis. We subjectively defined suitable nights as those
where rainfall at nearby weather stations was < 3 mm (n = 35);
there were ten unsuitable nights. Excluding nights with rain-
fall of < 3 mm appeared to be overly conservative because 
bats were active during those nights, and because it would 
have led to the exclusion of eight additional nights. No nights
were unseasonally cold (median = 15.9ºC; min = 10.4ºC),
and high wind speeds were not recorded at night time. We 
acknowledge that more precise weather data could have been
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FIG. 1. Schematic map showing the approximate location of 
detectors within a rectangular 2 ha site, with T and G denoting
tree and ground detectors, respectively. Grey areas indicate
stylised trees, and arrows indicate the direction in which 
microphones were pointed. The three locations within the site 
were located at least 50 m apart
Rectangular 2 ha site
obtained if we had used site-level weather stations; and we ac-
knowledge that different definitions of suitable versus unsuit-
able conditions would have altered some of the details of our
findings. 
Call Identification
Bat calls were identified using Anascheme software (Matt
Gibson, Ballarat University, unpublished), which is designed to
automate the process of call identification. Anascheme reads
Anabat files and models individual pulses using regression
analysis (Gibson and Lumsden, 2003). Our use of Anascheme
incorporated an identification key, which was modified from
Law and Chidel (2006) and ground-tested specifically for the
study area (BL and MA). As for manual keys (Duffy et al.,
2000), automated identification keys work most efficiently
when the total number of species considered is kept to a mini-
mum so that overlap in call frequencies is minimized. Our 
key considered 11 species (following Adams et al., 1988; see
Fig. 2). We omitted two eastern species that were unlikely to 
occur in the study region (Falsistrellus tasmaniensis, Scotore -
pens orion), although we acknowledge that both of these species
may occur in the far eastern, higher altitude parts of the catch-
ment. We also omitted two species that are known from the dri-
er Forbes area to the northwest of the study area (Scotorepens
greyii, Chalinolobus picatus). Finally, we omitted the obligate
cave-roosting species Miniopterus schreibersii oceanensis. This
species is known to roost to the east of the study area at
Abercrombie Caves (east of Neville State Forest) and to the
north at Borenore Karst Conservation Reserve.
The resulting key used the characteristic frequencies and
shapes of different species’ ultrasound calls to differentiate be-
tween species, and was conservative in its identification to
avoid mis-identifications, leading to approximately one third of
Anabat files being successfully identified from a given night of
remote recordings. Files containing calls from different species
were either classified as ‘unknown’ or, if most calls were attrib-
uted to the same species, were identified as passes of the ‘dom-
inant’ species. More details about the automated identification
key are outlined by Law and Chidel (2006), and are available
from BL on request. Using the identification key, we tabulated
for each detector and each night the number of passes for each
species detected and the total number of identified passes across
all species. A pass was defined as a sequence of ultrasonic calls
contained within a standard 15 sec file. Files with sizes of > 21
kB were excluded prior to analysis because these files were
mostly comprised of noise generated by rain or stridulating in-
sects and caused the automated identification software to crash.
We acknowledge that other methods exist to quantify bat activ-
ity, such as the size of Anabat files (Broders, 2003) or the num-
ber of bat calls. Although some alternative measures can be
more precise, the number of passes is a well-established and 
intuitive measure of bat activity, and is appropriate where activ-
ity levels of a given species are compared between different 
locations. Notably, we did not compare activity levels between
species.
Data Analysis
Prior to all analyses, the number of passes identified for 
a given species per night per detector, and the total number 
of identified passes per night per detector were log-trans-
formed, because their distributions were highly skewed. There
were three parts to our analysis: (i) quantitative analysis 
using mixed regression models; (ii) graphical analysis of indi-
vidual species; and (iii) graphical analysis of community com-
position.
Mixed Regression Models
Our design allowed us to differentiate between three levels
of variability in calling activity: between sites, between loca-
tions within a site, and between individual nights. In addition,
we were able to compare tree detectors with ground detectors
(detector type), and woodland sites with scattered tree sites (site
type). Given this design, mixed models were appropriate to 
investigate sources of variability. Mixed models differentiate
between random effects and fixed effects, and can be used to 
account for non-independence of experimental units (Pinheiro
and Bates, 2000). Here, nested random effects were specifi-
ed as ‘night’, nested within ‘location’, nested within ‘site’ (in
statistical notation: site/location/night). Detector type and site
type were treated as fixed effects. Using this specification, we
analysed the log-transformed number of passes by a given
species recorded by a given detector in a given night as a func-
tion of site type, detector type and their interaction; given the
random effects of site/location/night. We used the resulting
models to (i) determine the significance of the fixed effects; and
(ii) calculate the components of variance accounted for by the
random effects. A unique ‘component of variance’ is associated
with each stratum in the experimental design. We summed the
components of variance across all strata, and expressed each in-
dividual component as a proportion of the sum of individual
components. We interpreted this figure as the approximate pro-
portion of variability in calling activity explained at each of four
levels of variation — the site level, the location level, the night
level, and unexplained residual variation not related to the nest-
ing of experimental units.
Graphical Analysis of Individual Species
Mixed regression models provided a formal assessment of
the relative contributions of different sources of variability.
However, they did not provide direct guidance on how many 
detectors should be used, or for how many nights. For this 
reason, we also conducted a detailed graphical analysis to 
complement the formal calculation of components of variance.
We reasoned that, in practice, recordings from multiple detec-
tors or nights would be used by bat researchers to calculate the
typical, or mean, number of passes per night by a given bat
species at a given site. Given our experimental design, there
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FIG. 2. Distribution of the number of passes recorded by a single detector in a single night, for 11 species or species groups, 
across all sites and survey nights. Cg — Chalinolobus gouldii; Cm — C. morio; Ml — Mormopterus sp.4 (long-penis form); 
M2 — Mormopterus sp.2; N — Nyctophilus spp.; Sf — Saccolaimus flaviventris; Sb — Scotorepens balstoni; Ta — Tadarida 
australis; Vd — Vespadelus darlingtoni; Vr — V. regulus; Vv — V. vulturnus
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were many ways in which such means of ‘typical activity’ could
be calculated. For each species at each site, we calculated the
mean level of activity from all possible combinations of detec-
tors for up to nine consecutive nights, starting in all cases with
the first night. We did not randomly re-sample nights because
we were primarily interested in the actual order of nights ob-
served. We acknowledge that re-sampling would have been fea-
sible, and has been successfully used in other studies (Hayes,
1997). 
Some examples illustrate how we calculated mean levels of
activity at each site. Let A, B, C, D, E denote the five detectors
at a site, and 1, 2, … , 9 denote the number of consecutive
nights. Using one detector for one night would yield a single 
estimate of calling activity – e.g. A-1 would denote the estimate
from the first night of sampling by detector A. Calculating the
means from two detectors for two nights would yield 10 differ-
ent plausible estimates: AB-2, AC-2, AD-2, AE-2, BC-2, BD-2,
BE-2, CD-2, CE-2, and DE-2. Following this logic, we calculat-
ed the means from all possible combinations of detectors (be-
tween one and five), and all sequences of consecutive nights
(from 1 to 9, always starting with 1). The resulting means were
then graphed as a function of the number of detectors used (1 to
5) and the number of nights of consecutive recordings (1–9).
The mean number of passes by all recorders at a given site 
over all nights was used as a baseline for a ‘best estimate’ of the
level of activity, and running means were compared graphically
against this best estimate.
Graphical Analysis of Community Composition
Many habitat studies are aimed not only at a single species,
but also the overall community composition at different sites. To
address this issue, we used a combination of multivariate dis-
tance estimation and multi-dimensional scaling (Clarke and
Warwick, 1994) to visualise if different estimates of commu -
nity composition from a given site were increasingly tightly
clustered when estimates were based on more nights or detec-
tors. Specifically, we constructed a matrix of all species by all
detector-night combinations (e.g., AB-2, AB-3, etc.; see above),
with each cell containing the mean (log-transformed) number of
passes by a given species. We then calculated the Bray-Curtis
distance between different detector-night combinations, both
within and between sites. Non-metric multi-dimensional scaling
was used to visualise these distances in a two-dimensional plot
(Clarke and Warwick, 1994).
Equipment Failure and Weather
At two sites, one of the detectors failed, meaning we effec-
tively had only four detectors. All analyses were conducted
twice – once including all nine consecutive nights, and once in-
cluding only ‘suitable nights’ (see ‘Data Collection’ above).
RESULTS
Eleven species or species groups were identified.
The number of passes recorded by these species in 
a given night varied greatly, encompassing a range
from 0 to over 1,000, with medians between 0 and
50 for the different species (Fig. 2).
Mixed Regression Models
Mixed regression models were constructed for
the five most frequently recorded species (Fig. 3).
Using only suitable nights, broadly similar pat-
terns in variability were observed for Chalinolobus
gouldii, Vespadelus vulturnus, Mormopterus sp.4,
and Chalinolobus morio. Generalising across these
spe cies, typically, over 40% of the overall variance 
occurred at the between-site level; approximately
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FIG. 3. Components of variance at four levels of the experimental design for the five most frequently recorded species. A: Based 
on ‘suitable’ nights only. B: Based on all nights regardless of weather. See Fig. 1 for species abbreviations
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10% occurred between the three locations where 
detectors were located; approximately 20% was
explain ed by night-to-night differences; and the re-
mainder was additional variability not attributable to
systematic variation within experimental units.
Tadarida australis was also analysed individually,
but residual variability was extremely high for this
species (≈ 80%; Fig. 3A).
With respect to the fixed effects, separate regres-
sion models for four species showed that tree detec-
tors recorded a significantly higher number of pass-
es than ground detectors (P < 0.05; Table 1). For 
V. vulturnus, this relationship was more complex. 
A significant interaction between site type and de-
tector type suggested that the tree detectors record-
ed more passes than ground detectors in scattered
tree sites, but not in woodland sites (Table 1).
We repeated the regression analyses using data
from all nights, including ‘unsuitable’ ones where
precipitation was recorded. The qualitative conclu-
sions regarding the fixed effects were similar, with
tree detectors recording more passes (not shown).
However, the relative contributions of different
components of variance shifted substantially when
all nights were included — in particular, previously
identified patterns in between-site variability were
masked by higher between-night variability and
higher unexplained residual variability (Fig. 3B).
Graphical Analysis of Individual Species and
Community Composition
At all sites, for the five most active species, 
the mean number of passes calculated from several
detectors over a series of nights stabilised and
reached an asymptote with increases in the num-
ber of nights and number of detectors used. For 
example, the mean activity level of C. morio sta-
bilised at farm ‘tu’ (Fig. 4), and similar patterns
were found for other species at other sites (not
shown).
The calculation of Bray-Curtis distances of bat
community composition within and between sites
provided insights on how the estimates of overall bat
community composition changed with increasing
survey effort. Multi-dimensional scaling showed
that between-site differences could be masked by
within-site variability resulting from a lack of 
survey effort. Sites began to separate in multi-
dimensional scaling plots if two or more detectors
were used for two suitable nights; clear separa-
tion was achieved after at least four suitable nights
(Fig. 5).
DISCUSSION
There is no simple recipe for what constitutes 
an ideal survey effort, because additional effort 
will always result in more precise estimates of activ-
ity. Hence, a more useful question is what consti-
tutes a reasonable survey effort given the objectives
of a particular study. In the case of habitat stud-
ies, objectives typically are to differentiate be-
tween (1) highly suitable and less suitable sites for 
a given species, and (2) the communities of spe-
cies using different areas. These objectives suggest
that a useful way to tackle the problem of how 
much survey effort should be used is to differentiate
between within-site variability and between-site
variability.
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Response variable Explanatory variable Parameter Standard P-value
estimate error
Chalinolobus gouldii Intercept 3.600 0.510 < 0.001
Detector position (tree) 0.158 0.060 < 0.05
C. morio Intercept 1.370 0.363 < 0.001
Detector position (tree) 0.688 0.136 < 0.001
Mormopterus sp.4 (long-penis form) Intercept 2.730 0.433 < 0.001
Detector position (tree) 0.275 0.093 < 0.01
Tadarida australis Intercept 1.280 0.261 < 0.001
Detector position (tree) 0.481 0.186 < 0.05
Vespadelus vulturnus Intercept 1.180 1.010 0.25
Detector position (tree) 1.110 0.261 < 0.001
Site type (woodland) 2.380 1.310 0.17
Det. position (tree) × Site type (woodland) -1.160 0.342 < 0.01
TABLE 1. Significant fixed effects in the regression models for the (log-transformed) number of passes recorded by one detector in 
a night for five individual bat species. The total degrees of freedom were 160 in each model, with the intercept and every significant
predictor using one degree of freedom each
Mixed Regression Models
For four out of five species examined, most vari-
ability occurred at the between-site level (Fig. 3A).
That is, for our particular set of sites and species, 
estimates of bat activity from a single detector
recording for a single night were likely to be suffi-
cient to pick up some differences in activity between
sites. This lends support to the viability, where nec-
essary, of conducting rapid surveys where single de-
tectors are moved to a new site every night. Rapid
surveys with little replication at the within-site level
are often unavoidable when the number of sites is
large (Law and Chidel, 2006). If rapid surveys are
the only feasible survey method, and are used as the
basis for habitat analyses, the ability to differentiate
between activity levels at different sites is greatly
enhanced if surveys are only conducted on ‘suitable’
nights, or if ‘unsuitable’ nights are excluded from
later analyses (Fig. 3). This is because includ-
ing ‘unsuitable’ nights can introduce substantial 
additional night-to-night variability thereby mask-
ing actual site-to-site differences (Fig. 3). In ad-
dition to rainfall, ‘unsuitable’ nights could include
those with low temperatures (Richards, 1989) or
strong winds (Adam et al., 1994; Verboom and 
Spo elstra, 1999). Ideally, rapid surveys should
record data from all treatments simultaneously 
each night, and resulting habitat models should 
include temperature and other weather variables as 
covariates.
For at least four out of five species, we found that
tree detectors detected significantly more passes
than ground detectors (Table 1). However, the eco-
logical significance of this difference may be mini-
mal. Parameter estimates for tree detectors (as op-
posed to ground detectors) ranged between approxi-
mately 0.2 and 0.7. Because the response variable
was on the log-scale, this suggests that the differ-
ence in passes recorded per night between the detec-
tor types is between e0.2 ≈ 1.2 and e0.7 ≈ 2.0. That is,
an additional one or two passes per species were
recorded by tree detectors in a given night, com-
pared with ground detectors. Especially for common
species, this difference will often be negligible giv-
en typical activity levels in a night (Fig. 2). 
Despite the small difference in the number of
passes recorded at different heights, we suggest that
tree detectors are likely to be preferable to ground
detectors for acoustic monitoring in locations with 
a more open vegetation structure. Though our data
were insufficient for formal analysis, previous work
suggested that detectors at a greater height can in-
crease the probability of detecting bats flying around
the crowns of paddock trees, particularly species
with low intensity calls (e.g., Nyctophilus spp. —
Adams, 2000). Additionally, in agricultural land-
scapes, an important practical consideration is that
tree detectors are more secure from livestock than
ground detectors. Our tree and ground detectors
were only separated by 1 m in height and, relative 
to tree height, were situated close to the ground. 
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FIG. 4. Mean levels of activity of C. morio calculated using combinations of different detectors, over a series of consecutive nights
with suitable conditions at one selected farm (‘tu’). The dotted line indicates the overall ‘grand mean’ level of activity calculated
across the maximum number of nights and detectors available. As the number of nights and detectors increased, the estimate of 
activity became increasingly precise
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De spite this, we identified all of the 11 species or
species groups included in our automated key. This
suggests that call detectability was not restricted at
these heights, perhaps due to the lack of a complex
understorey. The need to place detectors at greater
heights than those used in our study is likely to be
more relevant in landscapes with taller or more
densely spaced trees, and a greater extent of vertical
stratification.
Apart from one significant interaction, which
was difficult to interpret and may be an artifact of
the particular sites surveyed in this study, we found
no significant differences in the activity of individ-
ual bat species between scattered tree sites and
wood land sites (Table 1). This result supports the
notion that many bats in southeastern Australia 
use both woodland sites and scattered tree sites
(Law et al., 2000; Lumsden et al., 2002; Lumsden
and Ben nett, 2005). However, the consistent lack 
of any significant differences between woodland
sites and scattered tree sites in our study is likely to
be attributable primarily to low statistical power.
‘Site type’ was a treatment at the highest level of the 
experimental design, and had very low levels of
replication.
Graphical Analyses
The graphical analyses were useful to visualize
how increases in the number of detectors and num-
ber of nights resulted in more precise estimates of
activity levels, both for individual species (Fig. 4)
and for estimates of community composition (Fig.
5). There were systematic differences between the
three locations within a site (Fig. 3), and differences
between detectors (Fig. 4). These differences high-
light the importance of careful calibration (Larson
and Hayes, 2000), and strongly suggest that using
multiple detectors can be worthwhile (Duchamp et
al., 2006) (Figs. 4 and 5). This result is interesting
because (i) most discussions on within-site variabil-
ity have focused on the need to survey for multiple
nights (e.g. Hayes, 1997; Moreno and Halffter, 2000)
rather than considering other sources of within-site
variability (but see Hayes, 2000; Hayes and Gruver,
2000; Lumsden and Bennett, 2005); and (ii) finan-
cial constraints can make it difficult to use multiple
detectors per site. 
Where only one detector per site can be used due
to financial constraints, the approach by Lums-
den and Bennett (2005) may be a useful compro-
mise. They used a single detector but moved it to 
a different location within the site every night.
Although we did not test their method explicitly, this
approach is likely to be useful in accounting for spa-
tial heterogeneity in activity levels within a site.
Where multiple detectors can be used, it should be
noted that the gain in precision of using an addition-
al detector is particularly pronounced when compar-
ing the use of a single detector versus the use of two
detectors (Figs. 4 and 5).
A critical question for habitat studies is whether
the estimates of bat activity obtained are precise
enough to be able to differentiate between different
sites. For community composition, multi-dimen-
sional scaling suggested that, in this study, differen-
tiation between sites was achieved when two or
more detectors were used for two nights, but differ-
entiation became clearer when detectors were used
for four or more nights (Fig. 5).
Considerations for the Design of Habitat Studies
The specific results of our work may not translate
directly to other regions. However, we suggest six
general considerations that can help with the design
of effective habitat studies using bat detectors. 
(i) Consider the key contrasts of interest in the study.
If subtle differences between sites are of interest,
survey effort needs to be substantially greater than if
coarse differences are of interest. Coarse differ-
ences, e.g. between different land use types, can
sometimes be detected with as little as a single de-
tector operating for a single night;
(ii) Use data from suitable nights only. Data from
poor nights can introduce additional variability, 
resulting in a lack of precision in estimates of bat 
activity despite higher survey effort. This means, for
example, that it may be more useful to consider the
mean level of activity from five suitable nights
rather than from nine nights that had a mix of suit-
able and unsuitable conditions;
(iii) Calibrate detectors. To differentiate between
genuine within-site differences in bat activity, and
differences in the sensitivity of multiple detectors, it
is important that detectors are carefully calibrated
(Larson and Hayes, 2000). Undesirable effects 
arising from variability in detector sensitivity 
can be further minimized by rotating detectors
among different treatments throughout the course of
a study;
(iv) Survey for multiple nights. Night-to-night vari-
ability typically accounted for 20% of the overall
variability in activity levels. This suggests that sur-
veying for multiple nights is particularly important
to reduce unwanted within-site variability. More
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nights will always result in more precise estimates
of activity. In this study, reasonable levels of preci-
sion were achieved after four suitable nights, espe-
cially if multiple detectors were used;
(v) Account for spatial heterogeneity in activity lev-
els within a site. Though less important than night-
to-night variability, spatial heterogeneity within 
a site typically accounted for approximately 10% of
the overall variability in activity levels. In practice,
financial constraints are considerable, suggesting
two practical solutions to account for spatial within-
site variability: (a) use two (or more) detectors, or
(b) move a single detector between several locations
within a site;
(vi) Consider whether vertical differentiation in
habitat use is likely. In this study, tree detectors
recorded slightly more passes for all species exam-
ined. However, in the woodland environment we ex-
amined (with mature trees typically reaching only 
≈ 20 m in height), we did not expect strong vertical
heterogeneity in bat activity. Where vertical vegeta-
tion structure is more pronounced, using several dif-
ferent detector heights is likely to be more impor-
tant. In farming landscapes, tree detectors may be 
an effective means of protecting survey equipment
from livestock.
These considerations are general. As in all eco-
logical field studies, ecological, statistical, logistical
and financial considerations need to be balanced.
Structured pilot studies like ours can be useful to ex-
plicitly weigh up multiple considerations.
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